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Abstract 
In thin-film silicon solar cells the p-doped layer and the i-/p-interface are most critical for the parasitic absorption and the 
electrical behavior of the solar cell. In this work, we present recent investigations of argon plasma treatment (APT) at the i-/p-
interface in high efficient thin-film solar cells with hydrogenated amorphous silicon (a-Si:H) absorber in n-i-p configuration. Our 
experimental investigations show that the application of the APT on the surface of the intrinsic layer causes a change of the i-/p-
interface and of the following deposited p-a-Si:H layer as well as to the electrical properties of the i-a-Si:H layer itself. 
Furthermore, the influence of the APT on n-i-p solar cells to the light induced degradation (LID) was studied.  Dependent on the 
p-layer and APT depositions parameters, the results show that the application of APT leads to a higher stabilized cell 
performance after 1000 h light soaking compared to other cells. The influence of APT on the physical properties of the deposited 
materials and interfaces are discussed. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
High efficient flexible solar cells have a promising prospective for different built-in applications, especially solar 
cells of low thicknesses and low temperature processing on plastic foils [1, 2] and on paper [3]. It has been recently 
demonstrated by Söderström et al. that conversion efficiencies of 9.8 % in single solar cells, based on hydrogenated 
amorphous silicon, on flexible poly-ethylene substrates were achieved [1]. In contrast to other studies our approach 
is based on the usage of flexible insulated aluminum substrates for solar cells fabrication in n-i-p configuration. So 
far our best single stack solar cell shows an initial conversion efficiency of 8.2 % with a cell area of 0.64 cm². In 
fact, it is also well known that high efficient a-Si:H n-i-p solar cells can be used in tandem devices to increase the 
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efficiencies to 12.2 % [4]. Another promising approach is the integration of an a-Si:H top solar cell in a tandem solar 
cell with an ultrathin a-Ge:H bottom cell absorber with thicknesses of less than 20 nm [5]. In order to increase the 
efficiency of such tandem devices the stability of the a-Si:H cell in respect to the light induced degradation (LID) 
should be improved.  
For this reason, we investigated the influence of thin-film interfaces on the LID for flexible n-i-p solar cells. 
Previews publications demonstrated already the influence of hydrogen passivation at the n-/i-interfaces [6] and 
buffer layers at the i-/p-interface [7, 8]. We focused on the treatment at the i-/p-interface with an argon plasma 
(APT) just before the deposition of the p-a-Si:H layer in the same PECVD process chamber. We observed an 
improvement of the solar cell performance and expanded our investigations to single intrinsic a-Si:H layers (i-a-
Si:H) deposited on glass substrates followed by a p-layer (further called i-/p-stack or double layer stack) to study the 
influence of APT.  
Our results on flexible n-i-p solar cells and on i-/p-stacks show that there is a strong correlation between the LID 
of the solar cells and single layer properties with the same i-/p-interface treatment as in the solar cells.  To address 
this issue we have studied the electrical properties of such structures. 
2. Experimental  
All n-i-p solar cells and single layers were deposited in a multichamber plasma-enhanced chemical vapor 
deposition (PECVD) cluster tool operating at 13.56 MHz with diode type electrode configuration and the substrate 
located at the unpowered electrode. Silane (SiH4), hydrogen (H2) and doping gases phosphine (PH3) and diborane 
(B2H6) were used as precursor gases for the i-, n- and p-layers respectively. Argon plasma has been ignited at the i-
/p-interface as indicated in Figure 1a and b for n-i-p solar cells and for single layer samples, respectively. Two 
different sample series were produced to study the influence of the APT at the i-/p-interface: 
 
Series I: Variation of argon gas flow from 0 sccm to 400 sccm. After every APT step, a hydrogen passivation 
plasma was ignited followed by a p-a-Si:H layer deposition.   
Series II: Variation of plasma treatment steps, e.g. before APT at the interface, a hydrogen passivation plasma 
was applied to the i-surface (indicated as “H2/Ar”) and vice versa (“Ar/H2”). The argon flow rate was kept at a 
constant value of 200 sccm for the whole series.  
 
All n-i-p solar cells are deposited on textured and flexible aluminum substrates (with a surface rms roughness of 50 
nm). 70 nm thick ITO layer and 100 nm aluminum doped ZnO (ZnO:Al) layer on top of a silver layer were used as 
front and back contact, respectively (Fig. 1a). The double layer structure was deposited on solar glass without the n-
doped a-Si:H (n-a-Si:H) and the electrodes (Fig. 1b). The cell area is 0.64 cm². The i-a-Si:H layer has a constant 
Tauc band gap [11] of Etauc = 1.78 eV. The p-a-Si:H has almost the same value of Etauc = 1.70 eV. This solar cell 
structure is not optimized to deliver high current densities and efficiencies because this study focuses rather on the 
Fig. 1: (a) Sketch of the n-i-p solar cell structures and (b) of related double layer samples used in this study. 
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physical effects related to the different interface treatments. Thus, different APT have been applied to the interface 
and the order of hydrogen and argon passivation has been varied. The n-, i- and p-layer thicknesses were kept fixed 
to 30 nm, 320 nm, and 17 nm, respectively. Before the deposition of the p-a-Si:H layer a hydrogen passivation (H2) 
was used to optimize the interface. The reference hydrogen passivation plasma was always applied with H2-gas flow 
rate of 200 sccm and 30 W RF power. The APT were ignited at a substrate temperature of 170 °C, at a pressure of 3 
mbar, and an electrode distance of 20 mm with an RF power of 20 W. 
J-V parameters of the cells were measured under standard test conditions (AM1.5 solar spectrum with irradiance 
of 1000 W/m²). All samples were light soaked for 1000 h in a LID setup. 
2.1. Single layers  
The idea of the different measurement methods presented in this paper on the double layer stack (Fig. 1b) is that 
the methods addresses  the two most critical layers in the solar cell stack separately, which are the bottom i-a-Si:H 
and the top p-a-Si:H layer. In the following section we will describe the measurement methods which refer either to 
the top layer indicated as p-a-Si:H or the bottom i-a-Si:H layer.  
2.1.1. Dark conductivity and activation energy 
 
The dark conductivity (σdark) and activation energy (Eact) were measured under direct current (DC), without light 
illumination and with increasing temperature. The current was activated by the temperature following the Arrhenius 
equation: 
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where σ0 is the pre-exponential factor, and kB is the Boltzmann constant. Eact is the activation energy for dark 
conduction and can be calculated from the slope of ln(σdark(T)) versus 1/T. During the measurement the sample was 
under vacuum to avoid the influences of water vapor, which could improve the conductivity significantly due to its 
low resistance compared to amorphous silicon. As a result of this measurement, the initial dark conductivity of 
single reference p-a-Si:H and single i-a-Si:H layers were determined and figures values of approximately 5.6E-5 
S/cm and  5E-9 S/cm, respectively.  
2.1.2. Photoconductivity and mobility-lifetime product 
 
The photoconductivity (σp) was measured by using a chopped xenon light source which is illuminating the 
samples in a broad wavelength range comparable to the AM1.5 solar spectra of the sun simulator. Since we 
investigate the passivation effect of the APT, H2 and the following p-a-Si:H layer on the i-a-Si:H layer properties, it 
is not easy to receive the photo conductance signal of the i-a-Si:H layer because of the relatively high conductivity 
of the p-a-Si:H layer that lies in the same or even higher dark conductance range as the photoconductivity of i-a-
Si:H layers.  
Regarding prior publications the measurement technique with two coplanar electrodes and an ohmic contact is 
described as steady-state photoconductivity (SSPC) [10, 11]. The overall photoconductivity was gained by 
subtracting dark conduction from the photoconductivity, σphoto, that’s σp = σphoto – σdark. 
A 10 V bias source was applied to the samples, followed by a transimpedance amplifier (TIA) and a lock-in 
amplifier, which is triggered by the chopper, to measure the photocurrent. Once the photocurrent at the lock-in 
amplifier is measured, the total value of the photoconductivity can be estimated from the following formula:  
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where L, B and D are the gap spacing, gap width and thin film layer thickness, respectively,  Iphoto is the 
photocurrent and Ubias is the applied voltage. Equation (2) can be easily derived from the geometry of the silver 
contact pads. 
Usually σp is described as [12, 13]: 
Gp  PWV    (3) 
Where G is the generation rate of the photocarriers in the unit of cm-3s-1, τ is the recombination time measured in 
seconds (s), and µ is the photocarrier mobility [cm²/(Vs)] when transport occurs in the extended states. Thus it 
represents the hopping mobility when transport occurs in the extended states, which is much lower than the free-
carrier mobility. For a thin film of thickness d, neglecting multiple reflections, G can be easily calculated from the 
absorption of the semiconductor layers and the irradiance of the light source [12, 13]. 
The μτ-product reveals characteristic semiconductor properties independently from light source and from layer 
thickness. The mobility-lifetime product and the photoconductivity of our reference i-a-Si:H layer (without any 
further layers on top) are (8.8 ± 1.2)·10-7 cm²/V and (3.2 ± 0.3)·10-7  S/cm respectively.  
3. Result and discussion 
In this section we demonstrate the influence of the APT to the i-a-Si:H layer and to p-a-Si:H layers deposited 
above. Results for both Series I and II as well as the correlation between fill factor losses after degradation and the 
mobility-lifetime product are demonstrated here.  
3.1. Influence of argon plasma treatment on the p-a-Si:H layer  
To study the effect of the APT at the i-/p-interface, we have analyzed the electrical properties of as-deposited p-a-
Si:H layers. For this purpose the dark conductivity (σdark) and activation energy (Eact) were calculated from equation 
(1). 
In Fig. 2 results for both sets of samples (Series I and II) are demonstrated. Blue circles are indicating the 
activation energy whereas black squares are indicating the dark conductivity.  Results of the influence of an 
increased argon flow from φAr = 50 sccm to φAr = 400 sccm are compared to the reference p-a-Si:H (“H2/p-a-Si:H”) 
dark conductivity (σdark) and activation energy (Eact) plotted in the shadowed area of Fig 2a. The activation energy of 
Fig. 2: (a) Dark conductivity of series I with the reference p-a-Si:H layer (shadowed area) and (b) shows the results of series II. 
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the standard p-a-Si:H layer with a hydrogen passivation layer (“H2/p-a-Si:H”) is determined to be 0.43 ± 0.02 eV for 
as-grown sample. It should be mentioned this value is comparable to single p-a-Si:H layers deposited on glass. 
When applying the APT with a 50 sccm argon flow rate the activation energy increases significantly to 0.55 ± 0.03 
eV. With increasing argon flow rate, ongoing from φAr = 50 sccm, the activation energy keeps almost at a constant 
level. Nevertheless there seems to be a trend following a small “V” shape with its minimum point at φAr = 100 sccm.  
In contrary to the activation energy the dark conductivity is changing with the influence of the APT very slightly, 
from (5.68 ± 0.86)·10-4 S/cm reference value to (5.39 ± 0.82)·10-4 S/cm at φAr = 50 sccm Ar. Moreover, the dark 
conductivity is almost linearly decreasing to (3.38 ± 0.51)·10-4 S/cm at φAr = 400 sccm. Again, there is a little drop 
in the dark conductivity at φAr = 100 sccm to (2.83 ± 0.43)·10-4 S/cm. In general, the activation energy follows the 
same  behavior as the dark conductivity but stays almost unchanged after applying the APT at the interface. 
 When argon plasma is applied at the interface, before the “H2/p-a-Si:H” layer, an increase in activation energy 
can be observed, whereas the dark conductivity keeps almost unchanged compared to the reference sample (5.68 ± 
0.86)·10-4 S/cm. This leads us to the conclusion, that due to the APT the doping efficiency suffers. This result is 
quite surprising because increasing activation energy should lead to a significantly lower dark conductivity. 
However, in this case the change in dark conductivity due to the APT, compared to the reference layer, is negligible. 
We assume that under the influence of the APT the extended states are broadened and more electron or hole traps 
are created. This could lead to a higher hopping transport within the p-a-Si:H layer and also to a lower doping 
efficiency hence to a lower activation energy. 
Fig. 2b depicts the influence of the different steps of plasma treatments as described in the second section (series 
II). Results of the standard p-a-Si:H deposition process with a hydrogen passivation step can be also seen from the 
shaded area and different sequences “H2” or “Ar” plasma treatments are indicating the fabrication order. The 
“Ar/H2“-fabrication step is the same process with φAr = 200 sccm argon flow as in series I. One can see, that 
depending on the deposition sequences of “H2” or “Ar” the activation energy or dark conductivity changes. With 
APT and H2 plasma before or after APT (“Ar/H2”, “H2/Ar/H2“, “H2/Ar”) the activation energy reaches a plateau of 
approximately 0.55 eV. Significant change in the activation energy occurs when no H2 plasma is applied before or 
after APT (“Ar” and “Ar+ H2”). In those cases, the activation energy decreases to 0.53 ± 0.26 eV and 0.52 ± 0.26 eV 
respectively. The dark conductivity has a more district trend which can be again separated into two groups. The 
presence of H2 plasma before or after APT leads to a strong decrease from (3.97 ± 0.61)·10-4 S/cm for the “Ar/ H2” 
(with φAr = 200 sccm) deposition steps to (1.20 ± 0.18)·10-4 S/cm for the “H2/Ar” stack. The second area could be 
seen when applying APT without H2-pre-passivation. The dark conductivity, for interface treated with Ar-plasma 
only, increases to (5.30 ± 0.81)·10-4 S/cm and decreases when hydrogen is added as a dilution gas (“Ar+ H2”), to 
(1.94 ± 0.30)·10-4 S/cm. 
The low dark conductivity value of the “H2/Ar” sample could be caused by more defects at the interface, which 
significantly affect the p-a-Si:H growth, because voids created due to the argon ion bombardment are not passivated 
by following hydrogen plasma. Since the activation energy is not changed significantly in comparison with “Ar/H2” 
sample, we can conclude that the change happens rather due to the extended states than to the doping efficiency. 
From the well-known equation: 
 fpfndark pµnµq  V    (4) 
the dark conductivity is described by the mobility of electrons and holes (µ n and µp) and their density of states nf 
and pf respectively. In the case of p-a-Si:H semiconductor the minority carriers can be neglected and eq. 4 reduces to 
σdark ≈ q∙μppf. This implies that changes can only be driven by the mobility, µ p, of the majority carriers since the 
density of states should be kept constant. 
A comparison of the results obtained from samples with “H2/Ar” and “Ar” plasma treatments prior to the 
fabrication of the p-a-Si:H layer gives surprising result. It seems, that the application of APT between the intrinsic 
absorber and the p-a-Si:H layer provoke a more efficient doping that leads to higher dark conductivity. We can 
assume, that a H2-passivation prior to the APT forms more open voids since weak Si-H2,3 bonds are broken up and 
in the argon can penetrate deeper in to the i-a-Si:H layer during following APT. Glow discharged optical emission 
spectroscopy (GDOES) measurements show, that argon atoms can be found within the AP-treated layer. The 
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evidence of argon presence at the i-/p-interface leads us to the idea, that argon could diffuse into the p-layer or/and i-
layer as it has been already demonstrated for hydrogen and boron [14,15].  
In conclusion we can say, that the APT has an influence to the following deposited p-a-Si:H layer and thus the 
interface and band structure at the i-/p-interface are affected too. The argon and hydrogen plasma treatment 
sequence has an even higher influence to the interface. 
3.2. Influence of argon plasma treatment on the i-a-Si:H layer 
In the previous section we discussed the influence of the APT on the p-a-Si:H layer. In this section our focus lies 
on the investigation of the electrical properties of the i-a-Si:H layers due to the APT at the interface. Fig. 3a 
illustrates the influence of the argon flow on the photoconductivity in series I. The shadowed area is corresponding 
again to the reference structure consisting of a “H2/p-a-Si:H” layer deposited on top of the i-a-Si:H layer. The 
photoconductivity of the reference stack is (3.64 ± 0.37)·10-6 S/cm and decreases to (1.12 ± 0.12)·10-6 S/cm when an 
APT with φAr = 50 sccm argon flow rate is applied. For a varied argon flow, up to φAr = 400 sccm, the 
photoconductivity seems to be almost constant except a significant deviations at φAr = 200 sccm. At this argon flow 
the photoconductivity increases to (2.48 ± 0.26)·10-6 S/cm, which corresponds almost to the reference value.  
 It seems that the initial deterioration of the interface and, especially, the breaking of weak Si-H2,3  bonds due to 
the argon ion bombardment [16] minimizes the photoconductivity in some cases. 
In Fig. 3b the photoconductivity measurements of samples from the series II are shown. It can be observed that 
the plasma treatment order has strong influence on the photoconductivity. The shadowed area represents again the i-
a-Si:H reference layer with a “H2/p-a-Si:H” layer on top. Compared to the reference structure (“H2/p-a-Si:H”) the 
photoconductivity of the samples “Ar/ H2”, “H2/Ar/H2”, “H2/Ar” and “Ar” decreases from  (3.64 ± 0.37)·10-6 S/cm 
to (2.48 ± 0.26)·10-6 S/cm, (3.80 ± 0.39)·10-7 S/cm, (3.00 ± 0.31)·10-7 S/cm and (3.35 ± 0.35) ·10-7 S/cm, 
respectively. If argon is used together with hydrogen, as it was done in the APT (“Ar+H2”), the photoconductivity 
increases instantly to (3.83 ± 0.40)·10-6 S/cm. This value is even higher than the photoconductivity of the reference 
layer.  
The origin of this effect is not clear yet, but it is still under investigation. Furthermore, Stutzmann et al. 
demonstrated that the steady-state photoconductivity is inversely proportional to the neutral dangling-bond defect 
density [11]. If this assumption is true for our samples, the neutral dangling-bond defect density is increasing as 
expected. It should be also mentioned, the passivation effect which occurs during the APT, the hydrogen 
passivation, and the p-a-Si:H layer is related to the passivation of crystalline silicon in heterojunction solar cells. 
The higher conductive p-a-Si:H layer creates an internal field which preferably attracts holes and thus the electrons 
in the i-a-Si:H layer have less recombination partners.  Therefore we assume to have   a relatively strong field effect 
Fig. 3: Steady-state photoconductivity (SSPC) of the i-a-Si:H layers depending of different interface plasmas and the following deposited p-a-
Si:H layer. a) Shows the change in photoconductivity with increasing argon gas flow from φAr = 50 sccm to φAr = 400 scmm. b) Shows the 
influence of the different depositions steps of APT or hydrogen passivation layer with φAr = 200 sccm. 
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due to the i-/p-junction [17]. This could be the reason for higher photoconductivity when measuring the samples in 
double layer stack compared to single i-a-Si:H without a p-doped layer on top.  
In general on can say, that APT has an impact to the photoconductivity of the i-a-Si:H layer. The decrease of the 
photoconductivity when applying APT indicates that the interface has more defects. 
3.3. Correlation between mobility-lifetime product and fill factor losses of solar cell 
As demonstrated, the photoconductivity measurement is a good method to characterize the electrical properties of 
absorber layers. It is well known, that the difference between dark- and photoconductivity should be as high as 
possible to get good solar cells performances [18]. Nevertheless, the photoconductivity is depending on the carrier 
generation rate (G) which obviously depends on the absorbance and thickness of the samples. To avoid these 
influences, we calculated the mobility-lifetime product (μτ) from equation (3). Fig. 4 shows the influence of the 
argon flow during the APT (series I) on the mobility-lifetime product at the interface and on the relative fill factor 
losses (FFloss) of the n-i-p solar cells after LID. The mobility-lifetime product (black squares) is strongly correlated 
to fill factor losses (blue squares). The reference layer fabricated without APT has a mobility-lifetime product of 
(1.06 ± 0.15)·10-6 cm²/V and the corresponding fill factor loss after LID is 16 %. When applying APT with an argon 
flow of φAr = 50 sccm, the mobility lifetime-product slightly increases to (1.24 ± 0.18)·10-6 cm²/V and 
corresponding fill factor losses rises to 25 % after LID. With an argon flow of φAr = 100 sccm the mobility-lifetime 
product drops down to (2.37 ± 0.34)·10-6 cm²/V and again the fill factor losses are show the same trend as the 
mobility-lifetime product and decrease to the minimum (FFloss = 10 %). Comparing the next few samples with φAr = 
150 sccm, φAr = 200 sccm and φAr = 400 sccm argon flow the mobility-lifetime product changes to (3.41 ± 0.49)·10-6 
cm²/V, (7.07 ± 0.10)·10-6 cm²/V and (1.91 ± 0.28)·10-6 cm²/V accompanied by fill factor losses of 29 %, 12 % and 
24 %, respectively.   
To a certain degree, the mobility-lifetime product of argon plasma treated samples could give prediction how the 
solar cells will behave after light induced degradation. As already mentioned in previous section, the mobility-
lifetime product of the single i-a-Si:H layers is (8.8 ± 1.2)·10-7 cm²/V (comparable to [19]). More astonishing is the 
fact, that the mobility-lifetime product in our sample structure (i-layer and p-layer) has the same behavior as the fill-
factor losses in n-i-p solar cells. We assume that the change in mobility-lifetime product is mainly driven by the 
change in the mobility and thus the APT has a higher influence to the extended states. Comparing this assumption 
with the results shown in Fig. 4, we can conclude that the mobility value of the sample treated with argon plasma at 
φAr = 100 sccm is the lowest and therefore the traps in the extended states are minimized. This effect and the 
influence on the electrical properties lead to a lower fill factor losses compared to the reference solar cell. Thus, an 
Fig. 4: Results of mobility-lifetime measurements including of fill factor losses of the correlation n-i-p solar cells for series I. 
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optimal argon flow rate can be found to optimize the stabilized long term solar cell performance. Further studies are 
ongoing to understand the exact origin of these effects.  
4. Conclusion and Outlook 
We studied the influence of interface treatments to double layer stacks and solar cells. Our investigation focused 
on argon plasma treatments at the i-/p-interface. This fabrication step is crucial for the overall parameters as well as 
to the light induced degradation of solar cell as shown by our experiments. We observed the influence of the APT to 
the electrical properties of the p-a-Si:H layer and demonstrated that it is possible to measure the influence of the 
interface treatment at this double layer samples with a similar structure as the n-i-p solar cells. This was done to 
enable a correlation analysis of solar cells parameter to single layer properties. Furthermore, we studied the 
photoconductivity of the i-a-Si:H layer. A clear dependence of the interface treatment to the excitation of photo 
active carriers was reflected by an increase of the activation energy of approximately one order of magnitude. These 
results are comparable to the passivation of silicon wafers in heterojunction solar cells. Furthermore, compared to 
the photoconductivity of the reference passivation H2/p-a-Si:H  the photoconductivity is decreased due to a rising 
defect densities at the interface. Therefore, on the one hand APT leads to a defect rich interface, but on the other 
hand, it improves the light induced degradation behavior of the solar cells, as indicated by the fill factor results of 
the solar cells.  
The additional argon plasma treatment can be considered as a separate layer, most probably due to argon 
diffusion into the i-layer, since GDOES gave the evidence of argon presence between the i- and the p-layer. This 
leads us to the conclusion, that the APT not only affects the surface properties but it also acts inside the i-a-Si:H 
layer and influences therefore the following deposited p-a-Si:H layer. It is not yet cleared, which influence on the 
morphology the APT has. 
So far our most considerable results are the correlation between the mobility-lifetime product of the hydrogenated 
amorphous silicon intrinsic layers (i-a-Si:H) and the change of the fill factor after degradation for the n-i-p solar 
cells with the same interface APT.  
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